In this work, we report on the innovative growth of semipolar "bow-tie"-shaped GaN structures containing InGaN/GaN multiple quantum wells (MQWs) and their structural and luminescence characterization. We investigate the impact of growth on patterned (113) Si substrates, which results in the bow-tie cross section with upper surfaces having the (10 11) orientation. Room temperature cathodoluminescence (CL) hyperspectral imaging reveals two types of extended defects: black spots appearing in intensity images of the GaN near band edge emission and dark lines running parallel in the direction of the Si stripes in MQW intensity images. Electron channeling contrast imaging (ECCI) identifies the black spots as threading dislocations propagating to the inclined (10 11) surfaces. Line defects in ECCI, propagating in the [1 210] direction parallel to the Si stripes, are attributed to misfit dislocations (MDs) introduced by glide in the basal (0001) planes at the interfaces of the MQW structure. Identification of these line defects as MDs within the MQWs is only possible because they are revealed as dark lines in the MQW CL intensity images, but not in the GaN intensity images. Low temperature CL spectra exhibit additional emission lines at energies below the GaN bound exciton emission line. These emission lines only appear at the edge or the center of the structures where two (0001) growth fronts meet and coalesce (join of the bow-tie). They are most likely related to basal-plane or prismatic stacking faults or partial dislocations at the GaN/Si interface and the coalescence region.
integrated circuits as control electronics for the LEDs. Apart from Si being a cost-effective substrate for the growth, the exploitation of existing Si-based processing facilities and wafer scalability makes this an inexpensive alternative to sapphire.
It is also well known that the internal electric fields, which are strongest in the polar c-/[0001]-direction, are a contributing factor for reduced device efficiencies and become stronger for longer emission wavelengths. 4, 5 Nonpolar and semipolar orientations are one possibility for either eliminating or reducing the influence of the quantum-confined Stark effect (QCSE) caused by these built-in electric fields. 6, 7 Furthermore, using Si as a substrate makes it fairly easy to explore different crystal orientations for the growth of GaN. 8 The best crystallographic alignment, with a lattice mismatch of about 17%, is for the growth of (0001) GaN on (111) Si. 8 In order to access semipolar orientations, the angles between the (0001) GaN plane and the different 111 f g Si facets are important. For the growth of GaN on (113) Si substrates, the (11 22) GaN orientation can be accessed through growth on the ( 111) or (1 11) Si facets and the (20 21) GaN orientation through growth on the ( 1 11) Si facet, although the latter will have a slight offset angle of 4:89 from the true surface normal (see Fig. 1 ). 9 The growth of GaN on Si raises several problems, which need to be overcome. The Si surface is susceptible to oxidation, which means that before growth commences, the oxidized layer needs to be removed. 10 At the usual GaN growth temperatures, Ga also strongly reacts with Si forming a eutectic alloy. 11 This causes strong etching of the material, referred to as "melt-back etching." 12 In addition to the lattice mismatch, another major issue is the mismatch in thermal expansion coefficients (%46%) between GaN and Si. They both produce tensile strain, leading to wafer cracking and bowing, which is more pronounced compared with sapphire substrates. 13 The large lattice mismatch is also responsible for a high density of threading dislocations (TDs), which in turn lowers the internal quantum efficiency. 14 In this paper, we describe the investigation of extended defects in semipolar III-nitride materials produced by growth on patterned (113) Si substrates. We investigate the optical and structural properties of semipolar InGaN/GaN multiple quantum wells (MQWs) grown on GaN "bow-tie" structures with 10 11 f g top surfaces. The cross-sectional bow-tie shape, as seen in Fig. 1 , is due to the patterning of the Si substrate and the subsequent growth of GaN on the 111 f g family of planes of Si. Cathodoluminescence (CL) hyperspectral imaging shows areas of nonradiative recombination associated with extended defects at room temperature and emission lines related to stacking faults at low temperature. These defects, giving rise to nonradiative recombination at room temperature, were identified as threading dislocations (TDs) and misfit dislocations (MDs) using electron channeling contrast imaging (ECCI).
II. EXPERIMENTAL SECTION
The fabrication of the structures is a two-step process. The first step is a patterning of the Si substrate, which is followed by the growth of GaN using metal-organic chemical vapor deposition (MOCVD).
The (113) Si substrate is patterned into 5:5 μm wide and 4:5 μm deep stripes along the [1 10] direction. Initially, a 120 nm thick SiO 2 layer is deposited on the substrate using plasma-enhanced chemical vapor deposition. Afterward, a standard photolithography process is applied to create stripes of photoresist followed by the deposition of Ni using a thermal evaporator. After a lift-off process, the Ni stripes are used as a secondary mask to etch the Si substrate using reactive ion etching and inductively-coupled plasma etching techniques. Subsequently, the Ni mask is removed. In order to achieve 111 f g Si facets, the patterned Si is anisotropically etched in a KOH solution (25 wt. %) at a temperature of 30 C.
The MOCVD growth of the structure starts with the deposition of a 100 nm thick, high temperature AlN buffer layer. This prevents the melt-back issue of GaN on Si. Next, the growth of (0001) GaN on the facets is initiated until the growth fronts from the ( 1 11) and (11 1) facets meet and coalesce. A 5-period InGaN/GaN MQW structure is then grown on top of the GaN. The nominal thicknesses of the InGaN quantum wells and GaN barriers are 2 nm and 12 nm, respectively. The final layer is a GaN barrier. Figure 1 The crystallographic orientations of the structure were determined by high resolution X-ray diffraction (HRXRD). As seen in the SE image in Fig. 1(b) , the cross section of the structure is similar to the shape of a bow-tie with the MQWs located at the two inclined top surfaces. GaN grows with a triangular cross section along the [0001] direction on both the equivalent 1 11 ð Þ and 11 1 ð Þ Si facets, resulting in two (0001) GaN growth fronts approaching each other until they meet and coalesce at the "join" of the bow-tie. The (0001) orientation of the two opposing GaN segments was confirmed by electron backscatter diffraction (shown in Sec. S1 of the supplementary material). This confirms that both growth fronts are of Ga-/(0001) polarity. However, since the two growth segments grow toward one another, they have opposite polarity with respect to each other. When the two (0001) growth fronts meet, they coalesce and form an antiphase domain boundary at the join of the bow-tie. The angles between the horizontal plane and the two inclined MQW/GaN surfaces are approximately 18 and 38 as seen in Fig. 1(b) . A χ-dependent HRXRD measurement (tilted away from the surface plane) of the asymmetric 10 11 f g GaN planes confirms these angles and that the orientation of these planes is 10 11 f g. The (10 11) orientation is the most stable one during MOCVD growth due to its lower growth rate, which potentially benefits crystal quality and surface morphology. 15 A more detailed analysis on the HRXRD results can be found in Sec. S2 of the supplementary material. Room temperature CL measurements were carried out in a variable pressure field emission gun scanning electron microscope (SEM, FEI Quanta 250). The light emitted from the sample, which is tilted by 45 , is collected by a Schwarzschild reflecting objective with its optical axis perpendicular to the direction of the electron beam, then dispersed with a 1/8 m focal length spectrometer (Oriel MS125), and collected using a 1600-channel electron multiplying charge-coupled device (CCD, Andor Newton). 16, 17 Low temperature CL was performed in a field emission gun SEM (Zeiss LEO DSM 982) equipped with custom-built liquid helium flow cryostage (CryoVac). The light was collected using a UV-enhanced glass fiber placed in close contact with the sample, dispersed with a 90 cm focal length monochromator (SPEX 1702), and detected using a liquid nitrogen-cooled, UV-optimized CCD. 18 In both microscopes, the CL was collected in hyperspectral imaging mode, where a spectrally-resolved luminescence spectrum is collected for every pixel in the image. The room temperature and low temperature (%12 K) measurements were acquired with a beam voltage of 5 kV. The images presented here are generated from the hyperspectral dataset by either least-squares peak fitting (using Gaussian and Voigt functions) or plotting intensity images of selected wavelength ranges.
ECCI is a nondestructive diffraction technique performed in the SEM to identify extended defects. 19, 20 ECCI micrographs are generally constructed by measuring the intensity of the backscattered electrons as the electron beam scans across the surface of a suitably-orientated sample. The sample is positioned so that a plane or planes in the sample are at, or close to, their Bragg angle, which allows electrons entering the sample to be diffracted providing the dominant structural contrast in the image. Any changes in crystallographic orientation and local strain can be monitored by the variation in the intensity of the backscattered electrons causing a change in contrast in an ECCI micrograph. This allows the imaging of low-angle tilt and rotation boundaries, atomic steps, and extended defects (e.g., TDs or stacking faults). 20, 21 ECCI was carried out in a forward scattering geometry in a field emission SEM (FEI Sirion 200), equipped with an electron-sensitive diode and a custom-built signal amplifier. All the ECCI micrographs were acquired with an electron beam energy of 30 keV and a sample tilt of around 50 relative to the incident beam normal.
III. RESULTS AND DISCUSSION
CL imaging at room temperature was carried out in two different geometries (top view and cross-section) due to the threedimensional structure of the sample. The results are presented in Figs. 2 and S4 (Sec. S3 in the supplementary material).
In order to investigate the emission properties of the inclined (10 11) surfaces, which are tilted by about 18 and 38 from the surface of the substrate as seen in Fig. 1(b) , a measurement of the sample top surface was performed. The SE micrograph in Fig. 2(a) shows the area that was imaged by CL, which is a smaller area of the top surface of the sample as seen in Fig. 1(a) . The rough areas on the left-hand side and right-hand side in the SE image are regions where the SiO 2 mask, used for etching the stripes into the Si substrate, is still exposed. The single vertical black line is the join of the bow-tie where the two opposing (0001) GaN growth fronts meet and coalesce. Figure 2 (b) shows an example CL spectrum, which consists of two emission peaks. One is associated with the near band edge (NBE) emission from the underlying GaN and the other arises from the 5-period MQW structure grown on the (10 11) surfaces. To generate two-dimensional CL images, each spectrum in the CL dataset was fitted with a Voigt and Gaussian function for the GaN NBE and MQW peaks, respectively. The integrated intensity and peak energy for the GaN NBE and MQW peaks are displayed in Figs. 2(c) and 2(d) and Figs. 2(e) and 2(f), respectively.
The intensity distribution of the GaN NBE peak is fairly uniform except for the appearance of black spots and a dark line as seen in the GaN intensity image in Fig. 2(c) . This single vertical dark line corresponds to the region where the two opposing (0001) growth fronts with Ga-polarity meet. Since two Ga-polar growth fronts approach each other from opposite directions, i.e., the two growth fronts have different polarities with respect to each other, this region also forms an antiphase domain boundary. Nonradiative recombination at this antiphase domain boundary leads to its dark appearance in the CL intensity images at the join of the bow-tie. 22 Similarly, the GaN peak energy image [ Fig. 2(d) ] shows a fairly uniform distribution on the (10 11) surface, except near the join region where the peak is redshifted. This shift is indicative of a change in strain in the join region, where the GaN is either less compressively or more tensilely strained. The black spots are a common phenomenon and are associated with nonradiative recombination at TDs, 23 as further discussed for the ECCI results shown in Fig. 5 .
The CL images generated from the MQW peak are slightly more complex. Although the MQW intensity is mostly uniform [ Fig. 2(e) ], there are faint dark lines parallel to the stripes of the mask and dark spots present. Most of the dark spots correlate to the dark spots already observed in the GaN intensity image in Fig. 2 (c) associated with threading dislocations. Similarly, the join appears as a dark line in the MQW intensity image. The length of these faint dark lines varies and is estimated to be 3À4 μm, based on several CL images. They are likely to be misfit dislocations, which appear as dark lines in pan-and monochromatic CL images in semipolar and nonpolar III-nitride structures [24] [25] [26] and will be discussed further with the ECCI results. Similar (1 101) InGaN/GaN MQW structures were investigated in Ref. 27 . They attributed the dark lines in panchromatic CL images to stacking faults and misfit dislocations FIG. 3. (a) Example CL spectrum with Fabry-Pérot interference fringes superimposed on the MQW emission peak. The spectrum is the same as shown in Fig. 2(b) , but it is only showing the region of the MQW emission on an energy scale. (b) Graphical representation of Eq. (1) using the peak position of the modes shown in Fig. 3(a) . generated due to strain relaxation. The density of the dark lines also increased with the InN content of the InGaN/GaN MQWs meaning that the larger strain in the higher InN containing samples was released by the generation of more of these defects. CL on the cross-section (shown in Sec. S3 of the supplementary material) confirmed that the MQW structure is located only at the top (10 11) surface planes. Only the GaN NBE emission is observed below the top surface. The CL image of the MQW peak energy, displayed in Fig. 2(f ) , shows lateral shifts in energy in the order of 100 meV. These energy shifts are more dominant closer to the dark lines (misfit dislocations) and hence may be strain related as discussed previously.
Closer examination of the individual CL spectra from the hyperspectral dataset revealed sharp peaks superimposed on the MQW emission, as seen in Fig. 3(a) . The peak separation is approximately constant with a mean energy separation Δ E of 47 meV. An optical path length L of about 5:3 μm can be calculated using the simple equation L ¼ hc 2nΔE using a refractive index of n ¼ 2:45 for GaN, taken as a constant over this spectral range. This matches well with the stripe width of 5:5 μm in the patterned Si substrate, as also seen in the SE image in Fig. 1(b) . The change in the refractive index between the GaN and the 111 f g Si sidewalls causes the width of the groove to act as an optical cavity giving rise to these Fabry-Pérot interference fringes. Alternatively, the cavity size can be calculated more accurately from the slope of the curve in Fig. 3(b) following Ref. 28 , which is a graphical representation of the following equation and also takes the energy-dependent refractive index into account:
where i is the interference order, E the energy position of the modes, and n(E) the energy-dependent refractive index. The room temperature refractive index n(E) as a function of emission energy was calculated using a Sellmeier function from Ref. 29 . A linear fit of the data in Fig. 3(b) yields a cavity size of d ¼ 4:8 μm. The real interference order i was calculated using the above equation once the cavity size d was determined. Ideally, this should provide a more accurate value for the cavity width since the energy dependence of the refractive index was taken into account. The cavity size is about 12% smaller than the actual Si stripe width, which could be due to several reasons. The actual width of the cavity could be smaller than the width of the patterned Si substrate due to slight differences in the patterning. Also, the light has to pass through the entire structure to reach either interface, which means that it has to pass through the center of the bow-tie. This is where the two c-plane growth fronts meet and coalesce, leading to an antiphase domain boundary as seen as a dark line in the top-view CL intensity images in Figs. 2(c) and 2(e), where the join appears as a black line of reduced intensity. The generation of the modes is, therefore, most likely more complicated than the assumed internal reflection on the GaN/Si interface and the light propagation. Figure 4 displays example CL spectra extracted from the hyperspectral dataset recorded at low temperature (%12 K). The insets show the corresponding integrated CL intensity images of the selected emission peaks, i.e., 3.227 eV, 3.271 eV, 3.314 eV, 3.386 eV, and 3.450 eV (bound exciton) and the SE image of the measured area. For semi-and nonpolar GaN, low temperature emission peaks below the bound exciton peaks in the region of 3:25À3:40 eV are often observed and associated with different extended defects, such as basal-plane stacking faults (BSFs), prismatic stacking faults (PSFs), and partial dislocations (PDs). [30] [31] [32] [33] [34] [35] [36] The four emission peaks, as shown in the corresponding CL intensity images in the insets of Fig. 4 , appear either on the edge or the join of the bow-tie structure. The join is the region where the two þc/(0001)-growth fronts meet and coalesce, leading to a defected region (antiphase domain boundary), which appears as a black line in the room temperature CL images in Figs. 2(c) and 2(e) due to nonradiative recombination at this temperature. The edges of the structure correspond to the region where the growth on the 111 f g Si facets is initiated, leading to defects at the GaN/Si interface due to the mismatch in lattice constants and thermal expansion coefficients. Transmission electron microscope (TEM) measurements (shown in Sec. S4 of the supplementary material) show that dislocations are predominantly observed at the GaN/Si interface. Continued growth leads to dislocation reduction due to defect interaction or dislocation bending, resulting in very few dislocations reaching the surface as shown by the small density of dark spots in the GaN intensity image in Fig. 2(c) . The appearance of the additional emission peaks below the GaN bound exciton emission on the edge of the bow-tie structure, as seen in the low temperature CL intensity images in the insets of Fig. 4 , also indicate that the TDs and possibly BSFs are confined to the region of the GaN/Si interface. At low temperature, stacking faults can act as quantum wells due to the insertion of a thin layer of zinc-blende material with a lower bandgap into the wurtzite lattice of larger bandgap. It is important to note that the emission peaks associated with BSF emission do not have a fixed energy, because these QW-like structures are also influenced by spontaneous/piezoelectric polarization fields, leading to shifts in their energy position. 30 This suggests that these four observed emission peaks are associated with different stacking faults, e.g., prismatic and basal-plane stacking faults. [30] [31] [32] [33] [34] [35] [36] Furthermore, comparison with the literature suggests different possible causes for the emission around 3.27 eV. It may be related to partial dislocations terminating BSFs 31, 32 or a donor-acceptor-pair transition. 37 The stacking faults may also lead to slightly larger zinc-blende inclusions where the emission is not dominated by the QW-like behavior but rather by the excitonic emission from the zinc-blende material. 38 In order to investigate these structural properties further, ECCI was performed on the inclined top surfaces. While ECCI is an excellent technique for quantification of extended defects that reach the surface, it is harder to detect and quantify dislocations below the surface due to the surface sensitivity of ECCI and the difficulty in determining the precise sampling depth of the technique. It is possible, however, to image dislocations that lie below, but close to the surface, as illustrated in Ref. 39 for misfit dislocations in GaP grown on Si located at up to around 100 nm from the surface. Figure 5 shows three top-view ECCI micrographs acquired from the sample. Figures 5(a) and 5(b) were acquired from close to the same part of the sample, but at different diffraction conditions. It was not possible to determine the exact diffraction conditions for these ECCI micrographs; however, the diffraction condition can be changed by a small rotation of about 0:2 of the sample. Due to the tilt of the sample, strong topographic contrast is obtained in addition to diffraction contrast. The images reveal that the (10 11) surfaces are not smooth but are covered with triangular-based pyramids. Following the work reported in Ref. 40 , we tentatively identify the facets of these features as (000 1) and 1 101 f g planes. Such hillock structures generally form as a result of spiral growth around dislocations with a screw component. When growth is on the (10 11) plane, they exhibit the observed triangular-based pyramid structure. 41 The line features running parallel to the 1 210 ½ direction (vertical in Fig. 5 ) are identified from the literature as most likely to be misfit dislocations introduced by glide in the basal (0001) planes at the interfaces of the MQW structure. 25, 42, 43 Note that the misfit dislocations labeled "A" change contrast from black to white on changing the diffraction condition, while the misfit dislocation labeled "B" does not. This indicates that the "A" dislocations have opposite Burgers vectors or lie at a different depth compared with the "B" dislocations. Identification of these line defects as misfit dislocations is only possible because they are revealed as dark lines in the CL intensity images of the MQW emission [ Fig. 2(e) ] but not in GaN intensity images [ Fig. 2(c) ]. Dislocation B propagates in the 1 210 ½ direction and then changes direction (as shown as dislocation segment labeled "C"). In comparison with the (000 1) facets of the triangular-based pyramids, it appears to thread along the 0001 ½ direction, which is the direction of growth. Dislocations such as the one outlined by the black circle (labelled "D") are probably dislocations which initially propagate in the c-/[0001] direction and then bend by 90 and thread to the surface along the 10 10 ½ direction. 12, 44 Dislocation bending is observed when they propagate sufficiently close to a free surface in order to minimize their energy, as observed in epitaxial lateral overgrowth, for example. 45, 46 Figure 5 (b) appears to show one of these dislocations with an additional dislocation segment "E" propagating approximately in the 10 12 ½ direction. Dislocation "F" appears to initially propagate in the 1 210 ½ direction in the 0001 ð Þ plane, then propagates in the 2 1 10 ½ direction in possibly the (0001) or 1 101 ð Þ plane, 43 and then in the 1 210 ½ direction in the 0001 ð Þ plane. Dislocations C, E, and F may all be threading arms of misfit dislocations, propagating in different directions, but all are lying in the (0001) plane.
IV. CONCLUSIONS
In summary, GaN was grown by MOCVD on (113) Si substrates, which had been patterned into periodic stripes to expose 111 f g sidewalls. Growth of (0001)-orientated GaN from opposing 111 f g Si surfaces then led to the formation of GaN structures with "bow-tie" shaped cross-section and two inclined (10 11) top surface facets with InGaN/GaN MQWs grown on top. Room temperature CL imaging revealed two types of defects causing nonradiative recombination: black spots in GaN intensity images and dark lines in CL intensity images of the MQW emission. Further investigation using ECCI identified the black spots as threading dislocations propagating to the inclined surface. The line defects, also seen in the MQW intensity images, are identified as misfit dislocations, which are caused by glide in basal (0001) planes at the interfaces of the MQW structure. They propagate along the 1 210 ½ direction parallel to the stripes in the patterned Si substrate and can also bend and propagate with different line directions in the (0001) plane. These defects could be positively identified as misfit dislocations associated with the MQW structure because they are only present in the CL images of the MQW emission, but not in those of the GaN emission. Furthermore, CL imaging at low temperature showed additional emission lines at energies below that of the GaN bound exciton. They are most likely linked to extended defects such as basal-plane stacking faults, prismatic stacking faults, and partial dislocations at either the GaN/Si interface or the join of the bow-tie [where the two (0001) growth fronts meet]; donor-acceptor pair transitions; or zinc-blende inclusions. Overall, combining nondestructive structural and luminescence imaging techniques can provide valuable complementary information on structural defects and their emission properties.
SUPPLEMENTARY MATERIAL
Further results on electron backscatter diffraction (EBSD), high resolution X-ray diffraction (HRXRD), cross-sectional cathodoluminescence (CL), and transmission electron microscopy (TEM) measurements are available in Secs. S1, S2, S3, and S4, respectively, of the supplementary material.
